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Abstract—With the advent of IoT, industry 4.0 and
precision agriculture an increasing interest has been devoted to
sensors and transducers based on new materials and
eco-friendly technologies. Recently, Bacterial Cellulose (BC)
has been investigated as an intriguing solution for the
realization of green devices and electronics. BC has excellent
mechanical properties, it is fully biodegradable and greener
then classical plant-derived cellulose. In this paper we
investigate the influence of the geometry of BC based
compounds on their mechano-eletrical transduction capability.
An experimental campaign has been addressed obtaining very
intriguing results.
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I. INTRODUCTION

The society is undergoing deep changes, which pose
technological challenges and require for the development of
new production strategies. The aging of the population is one
of the most relevant trends in western society. Distributed
sensing system can assure the continuous monitoring of the
elderly, both for assuring their wellness and prolong their
active life and detection performance [1-3]. The massive
distribution of autonomous sensing system, on one hand, will
require for the development of low-cost technologies, on the
other, will promote a tendency of using such systems as
consumables [4,5]. Such an attitude raises concerns about the
constraints that new sensing systems need to satisfy and on
their after-life fate. A large fraction of envisaged sensing
systems is required to be flexible, wearable, or even
biocompatible [6-8]. In addition, taking into account their
pervasive diffusion, we need production strategies that
respect the environment [9,10]. Last, but not less important,
since such systems will be low-cost and disposable,
recyclable and/or biodegradable devices are of interest
[10,11].

Paper has been widely investigated, in the past years, like
a suitable candidate for next-generation electronics
technology [12]. It has excellent mechanical properties and is
fully biodegradable [13]. Eventually, it can be processed for
realizing electronics. Notwithstanding such tantalizing
properties, cellulose is commonly derived from vegetal
sources. The pulp industry processes wood as raw material
for papermaking [14]. Unfortunately, the involved industrial
process requires significant amounts of energy and resources
(such as fresh water), which limit the attractiveness of
plant-derived cellulose as a green based material.

Recently, Bacterial Cellulose (BC) has been investigated
as an alternative candidate for the realization of green
electronics [15]. Though BC has the same chemical structure
as plant-derived cellulose, it is directly synthesized by some
bacteria of the genera Acetobacter, Sarcinaventriculi, and
Agrobacterium. Eventually, processes have been developed
that allow for obtaining BC cellulose in laboratory condition
in a kind of bio-industry. Compared to plant-derived
cellulose BC is obtained with a greener production process,
which works in typical laboratory conditions. The obtained
BC is much purer than conventional cellulose.

Results have been proposed demonstrating the possibility
of using compounds realized by using BC, covered by
conductors, and infused by Ionic Liquids (ILs) for realizing
electro-mechanic transduction [15-17]. Based on those
studies, the authors have recently demonstrated that such BC
based compounds can work also as mechano-electric
transducers [18,19]. Here, as further development, the
influence of the geometry of the device on its transduction
capability is investigated.

More specifically, the investigated devices are realized in
the form of a multilayer structure, where the BC is
impregnated by ILs. Then two thin layers of Conducting
Polymers (CPs) are deposited as the electrodes. Finally,



samples with a rectangular shape are extracted and mounted
in a cantilever configuration. When the composite is
deflected, it produces an electrical reaction. More
specifically, if it is connected in the open-circuit condition a
voltage signal is produced.

The thickness of the investigated samples is fixed by the
BC production process, since BC has been obtained by
BioFaber in the form of sheets. The length has been,
therefore, changed and the corresponding changes in the
mechano-electrical (open voltage signal) performance have
been investigated.

The paper is organized as follows: Section II  will
describe materials, the realized prototype, and the methods
used to characterize the composite and its transducing
properties. Section III reports and discuss the obtained
results, while the concluding remarks are given in Section
IV.

II. MATERIALS, PROTOTYPE AND METHODS

Materials

Black tea bags (Sir Bolton Company), sucrose
(commercial product), Vinegar (commercial product), and
Kombucha tea were purchased from the local shops. Sodium
hydroxide (NaOH), and absolute ethanol (99.8%), were
purchased from Sigma-Aldrich and used without further
modification. Agar powder was purchased from A.C.E.F.
and LB broth Miller was purchased from VWR. Escherichia
coli culture BL21(DE3) strain was purchased from Merck
KGaA, Germany. PEDOT/PSS, was purchased as an
aqueous dispersion, CLEVIOS PHCV4, by H.C.Starck.
EMIM-BF4 was purchased by Alfa Aeser.

Preparation of BC base compounds

BC pellicles were obtained from the Kombucha strains,
which is produced by the fermentation process of the
sweetened black tea with Acetobacter strains. The tea fungus
that is composed of upper cellulosic pellicle and a lower
liquid broth was activated every two weeks, according to the
procedure described by Chen and Liu with some
modifications [20]. The culture medium was prepared by
adding 70 g of sucrose and two tea bags (black tea, ~ 4.00 g)
to the boiling water (1 1). Then, the mixture was left to steep
for 15 min and, after removing the tea bags, the pH value of
the broth was adjusted to 2.7-3.0, by adding 10 ml of acetic
acid for each liter of the broth. The addition of acetic acid at
the beginning of the fermentation process prevents the
formation of molds and protects against undesirable
microorganisms. Finally, the cellulosic pellicle pieces (3%
w/v) and liquid broth (10% v/v) of the tea fungus were added
to the cooled tea broth.

A Teflon stopper was attached to the lower part of the
beaker to block the pellicle. The fermentation process was
carried out at room temperature (28 °C) for 15 d in a static
culture condition. In this period, new pellicles of cellulose
were grown on the surface of the broth. These pellicles and
the tea fungus were used to inoculate new fermentations.
Then, the produced pellicles or named as nanofibrillated BC
were thoroughly washed with distilled water and boiled in
0.5 M NaOH solution for 2 h, to remove any impurities and
the attached cells, and finally washed with deionized water

and stored in wet condition. In order to extract the endotoxin
from the BC samples, they were placed in a depyrogenated
sample container and boiled with endotoxin-free water 4
times.

Then BC was dried in an oven for 4 h at 70 °C and
freeze-dried for 1 d, in order to eliminate the water content.
Samples of the BC were cut, infused by the EMIM-BF4, as
the ionic liquid, and covered by the PEDOT-PSS, as flexible
the electrodes.

Characterization methods
In order to analyze the sensor as a function of its
geometry, a suitable experimental setup has been conceived.

In particular, Fig.1(a) shows the entire architecture which
is composed of:

e ashaker (TIRA TV 50009), to excite the structure.

e A signal generators HP33120A, to impress a
sinusoidal waveform.

e A digital Teledyne LeCroyWaveRunner 6050, to
acquire the signals.

Fig. 1(b) shows a sample of the BC-based compound
mounted between two rigid electrodes, used for
collecting the generated electrical signal.

WaveRunner
6050

Fig.1. (a) Experimental setup, (b) the BC with the two electrical contacts on
the top and on the bottom.



III. EXPERIMENTAL RESULTS AND DISCUSSION

This section is devoted to studying the effect of the
geometry of a BC based transducer on its output, at the
mechanical resonant frequency.

The investigation has been conducted considering
samples with a width of 11 mm and a thickness of about
0.25 mm. Devices, whose lengths were 22 mm, 17 mm,
12 mm, and 7 mm were investigated. An analysis of the
output voltage as a function of the impressed acceleration,
when the transducer geometry is changed, has been
performed in the frequency domain.

The measurements have been conducted by forcing a
sinusoidal signal through the signal generator (see Section II)
at the mechanical resonant frequency of each device. It is
worth noting that for the four case studies, the following
mechanical resonant frequency values have been
experimentally estimated: 71 Hz (device #l length of
22 mm), 110 Hz (device #2 length of 17 mm), 133 Hz
(device #3 length of 11 mm) and 135 Hz (device #4 length of
7 mm).

More details concerning the spectrum of the output
voltage can be shown in Fig.2(a) and Fig.2(b), where the
FFT of the output for devices #1 and #4 are presented,
respectively.

Fig.3 shows the normalized output voltage as function of
the normalized imposed acceleration. The voltage of each
sample has been normalized to the output voltage of the first
sample, i.e. the device having a length of 22 mm.
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Fig.2. FFT of the output voltage of (a) BC having a length of 22 mm, (b)
BC having a length of 7 mm. Two other spikes can be seen in the figure,
which refer to the powering line (50 Hz and 100 Hz contributions,
respectively).

Furthermore, the acceleration values have been
normalized to the acceleration al, which refers to the first
sample. The value a2 is the acceleration level at frequency
110 Hz, normalized to al, and so on for a3 (at 133 Hz) and
a4 (at 135 Hz) respectively. Fig.4 shows the normalized
output voltage as function of the normalized length of the
beam. The normalization has been performed considering the
length of the device #1.
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Fig.3. Normalized output voltage as respect the normalized acceleration.
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Fig.4. Normalized output voltage as respect the normalized length.

IV. CONCLUSIONS

In this paper the dependence of the transduction
capabilities of a BC based compound, which can be used as
sensing element, on its geometry has been accomplished.
The conceived sensor regards a cantilever beam and it is
based on a nanocomposite consisting of a green and
biodegradable solution based on a BC, impregnated with ILs,
and covered with a conductive polymer. The device is able to
generate an output voltage in the presence of an impressed
acceleration, which causes a deformation of the transducer.
Several geometries have been investigated and the effect of a
length reduction has been studied. Results demonstrate how
the geometry variation influence the output signal. The work
is in progress with an exhaustive characterization also taking
into the account the effect of other physical properties on the
performance of the device.
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